Evaluation constitutes an integral component of the design process. Designers often develop (partial) design alternatives that need to be evaluated in terms of a set of performance indicators, or a design brief. Over the years, various evaluation methods have been suggested in the literature, ranging from informal, nonstandardized discussion to formal, standardized multicriteria evaluation methods. The latter family of methods in particular has been widely applied in a variety of application domains (for example, see Shefer and Voogd, 1990; Wu and Webster, 1998) .
It follows from this discussion that designers should embrace an evaluation method that (a) allows one to test explicitly the validity of the assumed specification of the method, given the design task and the implied decisionmaking process, (b) avoids potential bias in estimation and application, (c) can be generalized, and (d) is noncompositional in nature. In principle, conjoint analysis satisfies these criteria (Timmermans, 1984) . The main difference between conjoint analysis and multicriteria evaluation is that the design alternatives are constructed according to some experimental design. The choice of design allows one to test the nature (compensatory or noncompensatory) of the implied decisionmaking process. Conjoint analysis has found ample application in the study of consumer preferences and choice behavior but, surprisingly, as far as we are aware, there are no applications as an evaluation tool.
Conjoint experiments typically are administered using paper and a pencil. Design alternatives are described in verbal terms, although occasionally pictorial information is included. When a three-dimensional representation is critical, as in architectural and urban design, the question becomes whether such verbal information provides reliable responses in the evaluation process. Haider et al (1998) have already reported positive results from using a three-dimensional representation of simulated environments for recreational sites. Three-dimensional or virtual reality representations allow users or experts to appreciate and experience the design alternatives.
It is exactly for this reason that we have developed a virtual reality conjoint analysis system for the evaluation of three-dimensional design alternatives in virtual reality. The system will be described and illustrated in this paper, which is organized as follows. First, we will briefly summarize the quintessence of conjoint analysis. Then, we will describe the architecture of the system. This is followed by an illustration relating to the design of workspaces. The paper is concluded with a discussion of our experiences with the system to date.
Conjoint analysis
Conjoint analysis involves the measurement of consumer preferences and/or choice behavior. Sometimes, conjoint approaches are also referred to as decompositional multiattribute preference and choice models, which are also known as stated choice modeling (Oppewal and Timmermans, 1991; Timmermans et al, 1984) . The approach is based on the assumption that preferences or utilities can be uncovered by presenting subjects with profiles of hypothetical choice alternatives and asking them to express their preferences regarding these profiles. These profiles are descriptions of the hypothetical choice alternatives in terms of relevant attributes. Alternatively, subjects may be asked to choose the alternative they like best from a choice set of two or more alternatives.
To maximize statistical efficiency, attribute profiles and choice sets are constructed according to the principles underlying the design of statistical experiments. The main objective is to determine the contribution of predictor variables (attribute levels) to the overall preference or satisfaction, either for a subject or for a segment or the sample at large. In the case of the choice task, in addition to estimating the utility or preference function, the goal is to estimate the parameters of an assumed choice model.
The multinomial logit (MNL) model is the most commonly used model. It refers to the family of random utility models based on Thurstone's (1927) random utility theory. In random utility theory it is assumed that an individual's utility for a choice alternative consists of a deterministic component and a random utility component. In addition, a utility-maximizing decision rule is assumed, which implies that the probability of choosing some choice alternative is equal to the probability that the utility associated with a particular choice alternative exceeds that of all other choice alternatives included in the choice set (MacFadden, 1991) . The specification of the choice model then depends on the assumptions regarding the distributions of the random utility components; it is assumed that random utility components are independent (Timmermans, 1993) . It is also assumed that the errors in the model have a double exponential distribution.
In the MNL model it is assumed that the probability that an individual will choose one of the m alternatives a i from the choice set C is given by
where P(a i jC) is the probability that choice alternative a i is chosen from set C; U(a i ) is the utility of choice alternative a i in choice set C (which is a subset of the global choice set S), and is a linear function of the attributes,
is a vector of alternative attributes; b is a vector of unknown parameters. To estimate this model, the attribute profiles are placed into choice sets, which are either created at random or according to a fractional factorial design. Subjects are then asked to choose one alternative from each choice set, and the resulting choice probabilities for each choice set are then used to estimate the parameters of the choice model (Batsell and Louviere, 1991) .
The virtual reality conjoint analysis system As mentioned in the introduction, most studies of conjoint analysis have involved verbal descriptions of attribute profiles, although some researchers have used a pictorial presentation.Vriens (1995) investigated whether conjoint results depend on the presentation format, when pictorial and verbal presentations are both feasible. He distinguished conceptual differences between the two formats. These conceptual differences concern: (a) the possibility of including design, styling, or aesthetic aspects as an integral part of hypothetical products, (b) the type of information processing induced by the respective format (pictures tended to be processed simultaneously in an imaginary system, whereas verbal presentations are processed sequentially in an independent verbal system), and (c) the degree of task realism. Pictorial representations contribute to the degree of task realism of the evaluation task. Klabbers et al (1996) proposed a multimedia engine for stated choice and preference experiments that enables researchers to use varying presentation formats (textual, pictorial, and auditory, and combinations of these), thereby measuring the influence of the presentation format. Pictorial presentation of attributes can lead to a more reliable and valid measurement of utilities. To gain a better insight into subject behavior, it is desirable to improve the realism of the hypothetical situation to ensure that the subject is making a`real' decision. Virtual reality techniques may be of interest in this context. What distinguishes virtual reality is the crucial role played by the subject, who is actively involved and not a passive observer. The subject becomes an essential participant in the virtual environment with more freedom to explore it. Advances in virtual reality techniques enable subjects to experience new choice options.
We therefore explored the possibilities of developing a conjoint analysis and virtual reality system (Dijkstra et al, 1999) . This system has been given the acronym ICARUSö`a system for interactive conjoint-based analysis in virtual reality of user satisfaction and decisionmaking'. The quintessence of the system is that profile descriptions are depicted in a three-dimensional virtual environment and that subjects are allowed to interact with these profiles. A profile consists of a virtual environment model and dynamic virtual objects representing the attributes at the various levels. Each level is a different state of the virtual object concerned. The virtual environment and the objects model can be designed by three-dimensional graphical and virtual reality software. Hence, we claim that (1) a virtual environment is very convenient for exploring virtual objects, (2) a virtual object will represent each attribute, and each virtual object will be presented from a number of different views, and (3) that such a system should allow a better representation of attributes, thereby, we hope, also increasing the reliability of the measurement. In this paper we describe a further development of the system that uses the communication power of the Internet. We have developed a conjoint analysis experiment with image-based virtual environments that is accessible via a browser. The images are panoramic views. In this way, subjects are able to interact with the virtual environment.
Different components of the system have been realized. These components, as shown in figure 1, will now be explained briefly.
Virtual reality design information system
The virtual reality design information system (VR-DIS; also known as virtual reality distributed interactive simulations is the research platform wherein the system is situated. VR-DIS can be used in various decision-support processes.
Internet experiment component
The Internet experiment component allows the subject to become involved in the experiment. Choice sets of design alternatives are shown (known as profile virtual environments). Response data are collected.
Profile simulation component
The profile simulation component stores design alternatives as profile panoramic views, according to the attribute descriptions of the profiles. Profiles are put into choice sets. Response data from the experiment are stored in a measurement database.
Analysis component
Data from the measurement database are used to estimate the MNL model.
Illustration The problem
The problem chosen to gain experience with and to illustrate the system concerned the design of workspaces in the new building of the Faculty of Architecture, Building and Planning at the Eindhoven University of Technology. This new building was delivered in the summer of 2002. This problem was chosen as there was some concern and difference of opinion about the architect's vision about the design of the workspaces. The old faculty building has a layout typical of offices, with wooden doors and a hallway. From the hallways, it is impossible to see whether faculty members are in their offices. In contrast, the architect had a transparent new building in mind, and this idea created the most controversy in the faculty. It turned out, however, that different people had a different mental image of the new office spaces. Therefore, jointly with the architect, alternative design options were visualized in virtual reality, which served not only as a means of communicating possible design alternatives but also as a formal evaluation study.
Design parameters
From discussions with the architect, it turned out that the design of the workspaces could be traced to three basic design parameters: the transparency of the wall between the workspace and the public space, the transparency of the wall between workspaces, and whether or not there would be a dividing wall between the workspaces in the open area. Regarding the wall between the workspace and the public space, three alternatives were considered: 50% transparency; 100% transparency and 100% nontransparency alternated in vertical strips; and a closed wall of opaque material.
Experimental design
Thus, the design problem was captured in terms of three attributes, two of which had two options, and one of which had three options. This implied that there were 3 Â 2 2 possible combinations or designs of workspaces that could be made. In table 1 we show the attributes and their options.
A full factorial design was created to vary the options of these three attributes of interest, leading to twelve different profiles (table 2) . These profiles were assigned to twelve choice sets, making sure that every attribute level appeared in the choice sets that the respondent was to evaluate. Each of these twelve choice sets consisted of three different profiles, plus a`no choice/none' option. Respondents were asked to evaluate four choice sets (the evaluation set). Each of the profiles was visualized in virtual reality. An example is shown in figure 2 .
Subjects had access to an Internet site. They were welcomed with introductory text relating to the experiment, giving the purpose and an explanation of the experiment. After that, they were asked to log in and provide some background information. They were guided through an evaluation set in the conjoint experiment and were able to look around the panoramic view and inspect the various possible workspace designs in the corresponding choice set. They were asked to choose the design of workspace they liked best. In figure 3 an impression is given of a panoramic view of a profile. There were three evaluation sets four evaluations (table 3). 0  0  0  1  V1  V6  V9  V2  0  0  1  2  V2  V5  V10  V3  1  0  0  3  V7  V12  V3  V4  1  0  1  4  V8  V11  V4  V5  2  0  0  5  V3  V8  V11  V6  2  0  1  6  V4  V7  V12  V7  0  1  0  7  V9  V2  V5  V8  0  1  1  8  V10  V1  V6  V9  1  1  0  9  V5  V10  V1  V10  1  1  1  10  V6  V9  V2  V11  2  1  0  11  V11  V4  V7  V12  2  1  1  12  V12  V3  V8 Note: for details of variants 1 ± 12 and their attributes, see table 1. Note: for details of choice sets 1 ± 12, see tables 1 and 2.
An evaluation set was randomly selected and the order of the set number within each evaluation was also randomized. Profile information about the attributes, setup information about the selection of profiles in the evaluation process, general information about the respondents logged in, and session state information collected during the course of the experiment were recorded in tables in a database. The relationships between these tables in the database are shown in figure 4 The file Prefs includes information about participants, such as employed at Eindhoven University of Technology or not, active in architecture or construction or not, and the results of the four evaluations of three profiles in each set. The file Profs includes the twelve design alternatives with their corresponding attribute values, the file Rows includes the three possible evaluation sets of four evaluations each, and the file Sets includes the twelve choice sets of three design alternatives each.
A total of 137 respondents participated in this study (table 4) . As indicated in the table, most respondents were employed at the Eindhoven University of Technology in the architecture department.
Analysis and results
Effect coding was used to estimate the choice model. As illustrated in table 5, this means that for every attribute with L levels, L-1 indicator variables are constructed. An attribute level is coded as 1 on the corresponding indicator variables and 0 on the remaining indicator varaibles. One attribute level is coded as À1 on all indicator variables.
The no-choice alternative was coded as a series of zeros on all indicator variables. Choice frequencies were aggregated across choice sets. The resulting aggregate frequencies were analyzed with the MNL model. The results indicated that this model performed well. The adjusted r 2 was equal to 0.26. Table 6 presents the estimated part-worth utilities of the design options. We show these graphically in figures 5(a)^5(c), see over. The results of the analysis suggest a preference for a nontransparent dividing wall between workplaces. The size of the estimated part-worth utility indicates that this is the most important attribute. Further, the results suggest a tendency to prefer some transparency in the dividing wall between workplace and public space. Finally, there is also a slight tendency to favor a dividing wall between workplaces in the open area. In the realization of the new faculty building, the dividing walls between workplaces are made of plasterboard. Glass panes separate the workplaces and public space. The lower part of these glass panes are nontransparent, and the upper part is transparent. All in all, there is an appropriate correspondence between the realization and the outcomes of the experiment.
Conclusions and discussion
The present paper has suggested that conjoint analysis can be used as an evaluation tool, in addition to its more common use as an approach for modeling consumer preference and choice. If the design options are best appreciated when visualized and`experienced', virtual reality technology potentially offers a powerful tool to improve the reliability and validity of conjoint experiments. In the study reported in this paper we aimed to develop a virtual-reality-based conjoint experiment and to learn how respondents react to such a system. The design of workspaces served as an example.
Experience with the system that was developed suggests that this approach offers a potential a priori evaluation of design performance. The outcomes of the experiment were satisfactory. In addition, more general feedback to the system was positive.
Nevertheless, it is important to emphasize some limitations to this exploratory study. In the present study, only a small number of attributes was varied in the experiment. But conjoint analysis is more appropriate in those cases where the number of possible combinations of attribute levels is too large to allow the presentation of all possible designs to subjects for assessment. This means that future studies should use more complex design options with a larger number of attributes and fractional factorial designs to construct the experiment. Moreover, the present study was conducted to explore the virtual reality system. Hence, no attempt was made to compare the reliability and validity of the measurements with measurements based on a conventional form of presentation. We hope, however, to report on such comparative methodological studies in future publications.
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